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Transition probabilities from lifetimes of excited states in neutron-rich nuclei 52,54Ti, produced in a
multinucleon-transfer reaction, were measured employing the recoil distance Doppler-shift (RDDS)
method. The experiment was performed at the Grand Accélérateur National d’Ions Lourds (GANIL)
facility by using the Advanced Gamma Tracking Array (AGATA) for the γ-ray detection and the
Cologne plunger device for deep inelastic reactions, coupled to the large-acceptance variable mode
spectrometer (VAMOS++) for an event-by-event particle identification. The aim was the investi-
gation of the evolution of the shell structure in the vicinity of the N = 32 subshell. Level lifetimes
and lifetime limits of the 2+1 to 8
+
1 states of the yrast bands in
52,54Ti are determined. The ob-
tained transition probabilities are compared to shell-model calculations based on established fp shell
interactions.
PACS numbers:44
a Corresponding author: agoldkuhle@ikp.uni-koeln.de
I. INTRODUCTION45
Understanding the evolution of shell structure towards46
the drip lines is one of the driving forces for many theoret-47
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2ical and experimental effort, as investigations have shown48
that the shell structure often changes drastically as a re-49
sult of the rearrangement of single particle levels in exotic50
nuclear regions [1]. In this context, the N = 40 island of51
inversion represents a rich testing ground. For example,52
an increasing collectivity was identified both from exci-53
tation energies and transition strengths in neutron rich54
58−66Cr [2–5] and 62−70Fe [5–8] close to the Z = 28 shell55
closure. The data resulted in a conclusive description of56
these nuclei with respect to the observed high collectivity57
with modern shell-model calculations [2, 6].58
Studies of neutron rich Ti isotopes are also essential59
for an understanding of the shell structure in the Ti-60
Cr-Fe region beyond N = 28 towards Z = 20. Ex-61
isting B(E2, 2+1 → 0+gs) values in 52Ca [9], 54Ti [10],62
56Cr [11, 12], 58Fe [13] and 60Ni [14], pictured in a shell-63
model framework as a completely filled valence ν2p3/264
orbital, suggest a phase transition from predominant col-65
lective structures in 58Fe that evolves toward a neutron66
subshell closure along the isotonic chain with decreas-67
ing proton number, i.e. from 56Cr→ 54Ti→ 52Ca. This68
is supported by an increased staggering of 2+1 excitation69
energies for decreasing proton number as shown in Fig. 1.70
At the neutron shell closure N = 28, all depicted isotopes71
show a local rise in the 2+1 state energy but at N = 3272
a different behavior is observed: only 52Ca, 54Ti and73
56Cr exhibit a local increase in the 2+1 state energy. The74
corresponding B(E2; 2+1 → 0+gs) values suggest a weak75
and very localized subshell closure at N = 32 [9] for76
Ca-Ti-Cr which collapses toward Fe and Ni. This be-77
havior was investigated in several recent experiments on78
52,54,56Ti and 58Cr using deep inelastic reactions [15, 16],79
β-decay [17, 18] as well as Coulomb excitation at inter-80
mediate energies [10].81
A possible explanation could be an effect similar to82
that for N = 40 isotones described in works of T. Otsuka83
et al. [19–21] proposing the monopole component of the84
proton-neutron tensor force as one of the driving forces85
behind shell evolution at N = 40. This ensures that86
the N = 40 gap is reduced by removing protons from the87
pi1f7/2 subshell. For nuclei close to N = 32 a comparable88
effect could result in an inverse order of the ν1f5/2 and89
ν2p1/2 orbitals and is assumed to contribute to the evo-90
lution of a shell gap at N = 32, i.e. between ν2p3/2 and91
(ν2p1/2, ν1f5/2) orbitals with decreasing proton number92
from Z = 28 to Z = 20.934
For a better understanding of the actual situation95
data on E2 transition strengths between higher spin96
states in 54Ti are essential, which are not available to97
date. Furthermore, in the neighboring nucleus 52Ti the98
shell-model predictions do not agree with the transition99
strengths between the lowest yrast states deduced in100
Ref. [22] showing an opposite behavior compared to the101
neighbors 50,54Ti [22]. So far, no successful description of102
the shell model could be found in 52Ti. These motivate103
a new detailed investigation of 52Ti and a reinvestigation104
of 54Ti in order to obtain a comprehensive picture of the105
evolving shell structure with regard to the appearance106
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Figure 1. (Color online) Evolution of experimental excitation
energies E(2+1 ) in neutron rich even-even Ca-Ni nuclei with
20 ≤ Z ≤ 28 and 26 ≤ N ≤ 34.
of a N = 32 subshell closure for Z < 26.107
108
In this work, the evolution of the shell structure in109
52,54Ti is studied by measuring the lifetimes of the lowest110
excited yrast states (2+1 , 4
+
1 , 6
+
1 and 8
+
1 ) employing the111
recoil distance Doppler-shift (RDDS) method [23]. The112
deduced E2 transition strengths will be discussed in the113
framework of current shell-model calculations.114
II. EXPERIMENTAL SETUP115
The RDDS experiment on 52,54Ti was performed at the116
Grand Accélérateur National d’Ions Lourds (GANIL) in117
Caen, France using the Cologne plunger for deep inelas-118
tic reactions, as described in Ref. [23]. The 52,54Ti nu-119
clei were produced by a multinucleon-transfer reaction120
induced by a 238U beam at an energy of E(238U) =121
1608.9MeV (= 6.76MeV/u) applied to a 50Ti target.122
The thickness of the target amounted to 1.5mg/cm2,123
on which a natural copper fronting with a thickness of124
0.4mg/cm2 was evaporated. The plunger device includ-125
ing target and degrader foils was placed at an angle of126
45◦ with respect to the incoming beam which is close127
to the grazing angle of the multinucleon transfer reac-128
tions of interest. Target and degrader foils are, there-129
fore, mounted orthogonal to the entry axis of the mag-130
netic spectrometer VAMOS++. Thus the 50Ti target131
layer had an effective thickness of 2.1mg/cm2 which lead132
to a 238U beam energy of 6.16MeV/u in the middle of133
the 50Ti layer also taking into account the energy loss134
in the Cu fronting layer with an effective thickness of135
0.57mg/cm2. A natMg degrader foil with a thickness of136
3.2mg/cm2 was placed downstream from the target, so137
that target-like recoils were slowed down before enter-138
ing the VAMOS++ magnetic spectrometer [24–26]. The139
latter was used for the event-by-event particle identifi-140
cation. During the experiment, VAMOS++ consisted of141
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3two quadrupoles, a dipole magnet and the focal plane de-142
tectors. A schematic drawing of the experimental setup143
is shown in Fig. 1 in Ref. [27]. The focal plane detec-144
tion system is used to identify the mass (A), charge (Q)145
and atomic number (Z) of the target reaction products146
consisted of a multi-wire proportional counter (MWPC),147
four drift chambers and a segmented ionization cham-148
ber. The Dual Position-Sensitive Multi-Wire Propor-149
tional Counter (DPS-MWPC) [26] placed at the entrance150
of the spectrometer provided the start signal for the time-151
of-flight (TOF) and the position (x, y) of the reaction152
products. Together with the MWPC in the focal plane153
they give the TOF and indicated the direction of the ions154
for Doppler-correction. The drift chambers, which also155
detected the position (x, y) as well as the emission angles156
(θ, φ) of the recoiling reaction products, are used together157
with the DPS-MWPC to determine the trajectory of the158
ions after the dipole magnet. Finally ionization cham-159
bers are employed for measuring the total energy E and160
energy loss ∆E of the ions at the focal plane. In this ex-161
periment the magnetic rigidity of VAMOS++ was set to162
Bρ = 0.975Tm for the detection of the nuclei of interest163
in the focal plane detectors.164
Prompt γ rays were detected by the Advanced Gamma165
Tracking Array (AGATA) [28, 29]. At the time of this166
experiment it consisted of 29 36-fold segmented capsules167
in 10 cryostats placed at a radial distance of 23.5 cm168
with respect to the target center and covered angles from169
120◦ to 175◦ with respect to the optical axis of the spec-170
trometer. Using the velocity vector as reconstructed by171
VAMOS++, and together with the position of the first172
interaction point in AGATA, the observed γ-rays were173
Doppler-corrected using on an event-by-event basis using174
the angle between the scattered particle and the direction175
of γ rays detected in AGATA. The particle velocity after176
passing the degrader foil is used for the Doppler correc-177
tion. Then the slow component, i.e. emission after the178
degrader, occurs at the nominal γ-ray energy whereas179
the fast component is shifted toward lower energies, as180
AGATA was located at backwards angles.181
Data were taken at six different nominal target-to-182
degrader distances between 70 µm and 1000µm for about183
24 h per distance, which results in a sensitivity to life-184
times ranging from few ps to about 400 ps. During the185
experiment, despite the low beam current of 0.1pnA,186
beam-induced changes of the 50Ti target occurred that187
will be described in the following. A single-layer self-188
supporting 50Ti target with a thickness of 1.5mg/cm2189
was used at first. This target got wrinkle-like structures190
with an amplitude of about 100µm directly after being191
exposed to the 6.76MeV/u 238U beam with a beam cur-192
rent of 0.1 pnA. To improve heat conductivity this target193
was replaced with the aforementioned 1.5mg/cm2 50Ti194
target with an additional 0.4mg/cm2 copper layer that195
as evaporated onto the 50Ti. This was done even though196
estimates of the beam spot temperature from the momen-197
tum transfer of the beam yielded no significant thermal198
load. The copper layer was facing the beam. This target199
got similar damages after being exposed to the beam (see200
Fig. 2). Nevertheless, as no other alternative was avail-201
able the 50Ti target with the additional copper layer had202
to be used for the experiment presented in this work in203
spite of the structural changes.204
After a careful analysis in retrospect of the experiment205
it turned out that the observed degradation of the target206
can be explained as resulting from the sensitivity of Ti207
to the electronic stopping of heavy ions (see Ref. [30]).208
This effect leads to a drastic increment of the lattice tem-209
perature of Ti induced by the irradiation by the highly210
energetic 238U ions (so-called thermal spikes) and thus to211
structural damages of the Ti target foil [30]. Ti is very212
sensitive to this effect due to its large Debye temperature213
on the one hand and its low thermal conductivity on the214
other hand. This observation can be reproduced within215
the thermal spike model (see, e.g., Ref. [31]). Since Mag-216
nesium has a much lower Debye temperature and a higher217
thermal conductivity, no effects were observed with re-218
spect to the degrader.219
For this reason a “simple” and precise determination220
of the distances between the plunger target and the de-221
grader was not possible. Instead, average absolute dis-222
tances for each distance setting need to be specified as223
the structural changes take place as long as the target is224
exposed to the 238U beam. These distances are denoted225
as “effective” distances in the following and can be ex-226
tracted from γ-ray spectra related to nuclear states whose227
lifetimes are known with high precision. A strongly pop-228
ulated reaction channel led to 46Ti (see Fig. 3 for the cor-229
responding spectrum). A high-precision RDDS γγ coin-230
cidence experiment on 46Ti was performed only recently231
and results were published in Ref. [32].232
Figure 2. (Color online) Beam induced changes of the 50Ti
plunger target: The originally stretched target foil is severely
damaged. Shown is the side of the target that was facing the
beam with the copper layer.
For the determination of effective distances γ-ray spec-233
tra for 46Ti were created through a versatile Geant4-234
based Monte-Carlo simulation tool [33] using a precise235
reproduction of the experimental geometry including the236
target chamber and the AGATA detectors. For the dis-237
tance determination distance assumptions are fed into238
the simulation tool-kit and their values are varied in dis-239
crete steps. For each comparison between the simulated240
and the experimental spectrum a χ2 was calculated ac-241
cording to the following modified version of the least-242
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Figure 3. (Color online) Experimental (red) and simulated
(blue) γ-ray energy spectra in 46Ti at an effective target-
to-degrader distance of 277µm Doppler-corrected for the de-
graded component. The fast (f) and slow (s) components are
additionally labeled. See text for details.
Distance d [µm]
Figure 4. (Color online) Determination of the mean distance
using the standard χ2 method. The errors of the χ2 method
are deduced from lifetimes with χ2min+1. See text for details.
squares method using243
χ2 =
∑
i
(
Iexp(i)− Isim(i)
Iexp(i)
)2
where Iexp(Isim) is the intensity of the experimental (sim-244
ulated) spectrum in bin i. The chosen range was re-245
stricted to both fast and slow components of the con-246
sidered transition. An exemplary result of this approach247
with the standard χ2 method is depicted in Fig. 4. The248
statistical uncertainty is extracted from distance values249
at χ2min + 1. For illustration, Fig. 3 shows a represen-250
tative comparison of the experimental spectra showing251
the 2+1 → 0+gs transition in 46Ti at a nominal distance of252
240µm as well as the best-fitting simulation assuming a253
separation following the given approach. A similar pic-254
ture can be seen with the other distances. Table I shows255
the effective distances d resulting from the individual 46Ti256
simulations.257
Table I. Results of the “effective” distances d resulting from
simulations and the nominal distances dexp (i.e. relative to
electrical contact before the experiment) during the experi-
ment.
dexp [µm] d [µm]
70 102(8)
150 198(9)
180 200(6)
240 277(10)
300 328(9)
The velocities of the recoils were determined as follows:258
the velocity of the isotopes recoiling after the degrader259
was measured directly by VAMOS++, whereas the veloc-260
ity between target and degrader was deduced from the ex-261
perimental Doppler shift between the two components of262
the transitions. The mean recoil velocity behind the tar-263
get (degrader) is βT = 12.70(21)% (βD = 11.68(23)%)264
of the speed of light.265
III. DATA ANALYSIS AND RESULTS266
Using the VAMOS++ spectrometer, the target-like re-267
action products were identified by their mass, charge and268
atomic number. Nuclei with the same atomic number269
Z were identified by their energy loss ∆E as a func-270
tion of the total kinetic energy E, as shown in Fig. 5.271
The reconstruction of the trajectories gives information272
about the magnetic rigidity Bρ and the angle at the tar-273
get position. The mass-over-charge (A/Q) ratio and the274
mass A are determined from the TOF, the path through275
the spectrometer, and the magnetic rigidity. The mass276
resolution for the isotopic chains, shown in Fig. 5, was277
∆M
M ≈ 1.4 %, so that an unambiguous identification of278
the reaction residues in the mass region around A = 50279
was possible.280
Depending on whether the γ decay of an excited nu-281
clear state occurred in flight between target and degrader282
or after slowing down in the degrader, the γ rays exhib-283
ited different Doppler shifts. Figure 6 shows the resulting284
γ-ray spectra after Doppler correction for the slow com-285
ponent detected with AGATA in coincidence with the286
signal of 54Ti and 52Ti, summed over all six distances.287
It can be clearly seen that the statistics for 52Ti is ∼ 13288
times higher than in 54Ti. The higher energy (slow) com-289
ponent corresponds to the γ rays emitted after the de-290
grader, while the lower energy (fast) component corre-291
sponds to γ rays emitted before traversing the degrader,292
when observed under backward angles.293
The clearly visible development of the intensities of294
the fast and slow components with the distance d in295
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Figure 5. (Color online) a) Energy loss of the target-like re-
action products in VAMOS++ as a function of total detected
energy. The separation of the isotopes of titanium (Z = 22),
scandium (Z = 21) and calcium (Z = 20) is marked schemat-
ically with black rectangles. Graphic b) shows the mass res-
olution for the titanium isotopic chain.
the Doppler-corrected energy spectra for the 2+1 → 0+gs296
transition of 54Ti at three different distances is shown297
in Fig. 7. During the fitting procedure the peak posi-298
tions and widths were fixed. The latter were determined299
by calibrating the line width using the γ-ray spectra of300
50,52,53Ti with a significantly larger γ-ray yield than of301
54Ti. Due to the relatively small difference in the ve-302
locity of ∆v = 0.0102 c the components of the fast and303
slow components of the γ-ray lines are not well separated304
from each other. A thicker degrader would have resulted305
in a better separation of the Doppler-shifted components.306
However, such could not be used as the higher scattering307
on the degrader would have caused an overload of the308
start MWPC at the entrance of VAMOS++.309101
Lifetimes of excited states of 52,54Ti were extracted312
from γ-ray intensities for each distance in the sensitive313
range (see Eq. (20) in Ref. [23]) using the differen-314
tial decay curve method (DDCM) presented in detail in315
Ref. [34]. Therefore, the obtained value of the lifetime316
should not depend on the target-to-degrader distances317
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Figure 6. Gamma-ray spectra in coincidence with ions iden-
tified as 54Ti (top) and 52Ti (bottom), summed over all six
distances. In this energy range four (eight) γ-ray decays are
visible in 54Ti (52Ti). The fast (f) and slow (s) components
are additionally labeled.
at which it has been determined, so that a constant line318
of τ values is expected by plotting versus the distances.319
In 54Ti it was possible to identify five transitions that320
are clearly visible after Doppler correction for the slow321
component: 2+1 → 0+gs (1495 keV), 4+1 → 2+1 (1002 keV),322
6+1 → 4+1 (439 keV), 8+1 → 6+1 (2523 keV) and a transition323
from a state with unknown spin and parity Ipi to the 4+1324
at 840 keV. Only for the 2+1 → 0+gs and 4+1 → 2+1 transi-325
tions both components were visible at all distances. For326
the 6+1 → 4+1 transition at 439 keV only the slow com-327
ponent was visible at all distances, so that only a lower328
limit of the 6+ lifetime was determined. In contrast, for329
the 8+1 → 6+1 transition at 2523 keV only the fast compo-330
nent was visible at all distances, so that an upper limit331
of the 8+1 lifetime was measured. In
52Ti it was pos-332
sible to identify ten transitions: 2+1 → 0+gs (1050 keV),333
4+1 → 2+1 (1268 keV), 6+1 → 4+1 (711 keV), 8+1 → 6+1334
(1258 keV), 2+2 → 2+1 (1214 keV), 2+3 → 2+1 (1382 keV),335
3−1 → 4+1 (1135 keV), (10+1 )→ 8+1 (2406 keV), 10+2 → 8+1336
(3232 keV), and a transition from a state with unknown337
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Figure 7. Simulated (blue) and experimental (red) γ-ray en-
ergy spectra of the 2+1 → 0+gs transition at 1495 keV in 54Ti at
three target-to-degrader distances at backward angles. The
development of intensity ratios of the fast (f) and slow (s)
components with increasing distances is clearly visible.
spin and parity Ipi to the 3−1 at 1025 keV. For the life-338
time determination of the 2+1 , 4
+
1 , 6
+
1 and 8
+
1 states a339
feeding correction was carried out by subtracting the ef-340
ficiency corrected and normalized intensities of the slow341
component of a direct feeder from the intensity of the342
slow component of the state to be analyzed. All con-343
tributions from states outside the yrast band have been344
neglected due to non-existing slow components, which345
means that these states are characterized by a rather346
small (prompt) level lifetime. It should be mentioned347
that the fast component of the 4+1 → 2+1 transition is348
equal in energy to the slow component of the 8+1 → 6+1349
transition. This was taken into account in the analy-350
sis by calculating the respective proportions accordingly.351
For this purpose, an intensity function depending on the352
spin was first established by determining the intensi-353
ties of the fast and slow components of the 2+1 → 0+gs,354
6+1 → 4+1 and 10+2 → 8+1 transitions in 52Ti in the spec-355
trum summed up over all distances. This intensity func-356
tion was compared to that function of 48Ti and is pos-357
sible due to similar level schemes. Using the intensity358
function, the summed intensities (If+s(I+1 → (I − 2)+1 ))359
of the fast and slow components of the 4+1 → 2+1 and360
8+1 → 6+1 transitions in 52Ti were calculated. Then361
the intensities of the 2+1 → 0+gs transitions were deter-362
mined for each distance and the unknown intensities of363
the 4+1 → 2+1 and 8+1 → 6+1 were calculated according364
to If+s,dist(I+1 → (I − 2)+1 ) = αi · If+s(2+1 → 0+gs) with365
αi =
If+s(I
+
1 →(I−2)+1 )
If+s(2
+
1→0+gs)
.366
The relevant plots for the lifetime analysis for the de-367
cay of the 2+1 and 4
+
1 states in
54Ti (52Ti) are shown in368
Fig. 8 (Fig. 9). The related fits of the intensities of the369
two components were done with the code Napatau [35].370
The weighted average lifetime is taken of the points inside371
the region of sensitivity, e.g. where the slope of the decay372
curve is at the half of the maximum value. The weighted373
averages of the mean lifetimes in 52,54Ti are summarized374
along with the E2 transition strengths in Table II. The375
statistical uncertainty of each lifetime value is dominated376
by the distribution of the individual τ -values. The un-377
certainty of the recoil velocity and the uncertainty of the378
relative target-to-degrader distances define the system-379
atic errors of the lifetime. The final experimental error380
of the lifetime includes the root sum squared of the sta-381
tistical and the systematic uncertainties.382
In addition, the lifetimes determined according to383
DDCM were verified with the Geant4-based Monte-Carlo384
tool. Fig. 7 shows a comparison between the experimen-385
tal and simulated γ-ray spectra for 52Ti at three different386
distances.387
The lifetime τ(2+1 ) = 1.3(5) ps of the 2
+
1 state in
54Ti388
determined in this work corresponds to a reduced tran-389
sition probability of B(E2; 2+1 → 0+gs) = 84+53−23 e2fm4390
and agrees with the adopted lifetime τ(2+1 ) = 1.53(27)ps391
with corresponding B(E2; 2+1 → 0+gs) = 72+15−11 e2fm4 [10]392
within their error limits.393
In 52Ti there is a considerable discrepancy between394
the new B(E2; I+1 → (I − 2)+1 ) values in this work for395
I = 2, 4, 6 and the previously measured B(E2) values by396
Speidel et al. [22] (cf. Fig. 12). The lifetime values of the397
2+1 and 4
+
1 states from Ref. [22] and this measurement398
differ by a factor of ∼ 2.399
IV. DISCUSSION400
A. Systematics401
The results of this work yield new insights in the shell402
evolution for neutron-rich Ti-Cr-Fe isotopes. Figure 10403
illustrates the systematics of excitation energies and the404
evolution of B(E2; 2+1 → 0+gs) values for even-even nuclei405
with 20 ≤ Z ≤ 28 and 26 ≤ N ≤ 34. While the rest of the406
values correspond to the adopted ones, the B(E2; 2+1 →407
0+gs) value for 52Ti is the one determined in this work and408
for 54Ti the one from Ref. [10] as it is consistent with our409
new value but has a smaller uncertainty.410
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Figure 8. Tau-curves (a),(d) of the 2+1 (left) and 4
+
1 (middle) states in
54Ti. Black solid lines in (a),(d) represent the weighted
mean value of the lifetime; dashed lines mark the statistical uncertainty. In addition, the intensities of the fast (b),(e) and
slow (c),(f) components are shown, where the latter are corrected for delayed observed feeding. The polynomial fit function to
the given intensities is presented in solid black in (b),(e) and (c),(f). Note the logarithmic distance scale. Right: Partial level
scheme with the relevant γ transitions of the yrast band observed in the γ-ray spectrum of 54Ti.
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Figure 9. Similar diagram as presented in Fig. 8 for the 2+1 (left) and 4
+
1 (middle) states in
52Ti. Right: Level scheme of the
relevant γ transitions observed in the γ-ray spectrum of 52Ti.
At the neutron shell closure N = 28, all depicted iso-411 topes are characterized locally by high excitation energies412
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8Table II. Lifetime values for the first four yrast states in 52,54Ti from the present experiment are compared to previous
experimental values taken from Refs. [10, 22]. The corresponding experimental B(E2; I+1 → (I − 2)+1 ) values are included.
Nucleus 52Ti 54Ti
Lifetime [ps] B(E2) [e2fm4] Lifetime [ps] B(E2) [e2fm4]
I+1 Present Previous [22] Present Previous [22] Present [10] Previous Present Previous [10]
2+1 7.5(4) 5.19(20) 86
+5
−4 124
+5
−5 1.3(5) 1.53(27) 84
+53
−23 72
+15
−11
4+1 2.3(3) 4.76(58) 109
+16
−13 53
+7
−6 5.9(9) - 139
+25
−18 -
6+1 45.0(31) 36.07(577) 100
+7
−6 125
+24
−17 ≥ 380 - ≤ 132 -
8+1 29.4(21) - 8.8
+1
−1 - ≤ 1.4 - ≥ 5.7 -
E(2+1 ) and relatively small B(E2; 2
+
1 → 0+gs) values (see413
Fig. 10). At N = 30 all represented isotones show a re-414
duction of the 2+1 energies, but while the B(E2; 2
+
1 →415
0+gs) values in 54Cr, 56Fe and 58Ni (24 ≤ Z ≤ 28) exhibit416
a clear rise, the B(E2) in 50Ca decreases. The present417
B(E2; 2+1 → 0+gs) value in 52Ti indicates only a shallow in-418
crease compared to the neighboring values and fits nicely419
into the isotonic evolution.420
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Figure 10. (Color online) Systematics of excitation energies
for the 2+1 state (top) and the evolution of the B(E2; 2
+
1 →
0+gs) (bottom) values in even-even nuclei with 20 ≤ Z ≤ 28
and 26 ≤ N ≤ 34 including the result for 52Ti of the present
work. For 54Ti the result from Ref. [10] is shown due to its
smaller uncertainty.
421
422
Increasing the neutron number by two and four, the423
behavior of the 2+1 energies of Ca isotopes at N = 32, 34424
is attributed to local ν2p3/2 and ν2p1/2 subshell closures425
as discussed in Refs. [9, 19]. We shortly remind that426
the relevant neutron orbitals above N = 28 are ν2p3/2,427
ν1f5/2 and ν2p1/2. In most of the known nuclei, in the428
vicinity of stability, the ν1f5/2 orbital is energetically429
close to ν2p3/2, and thus no N = 32 shell closure is430
observed [10, 36]. Starting from 6028Ni32 with decreasing431
number of protons in the pi1f7/2 orbital, i.e. from nickel432
to calcium, the ν1f5/2 orbital becomes less bound, and at433
52
20Ca32 the ν1f5/2 and ν2p1/2 orbitals are inverted [9, 19].434
The raising of the ν1f5/2 orbital produces a gap between435
the lower-lying ν2p3/2 and higher-lying ν1f5/2 and ν2p1/2436
orbitals which leads to the local N = 32 subshell clo-437
sure and the higher 2+1 energy in
52Ca [9]. Thus, the438
phase transition from predominant collective structures439
in 60Ni toward a neutron subshell closure at 52Ca, can440
be attributed to the weakening of the attractive proton-441
neutron interaction between the pi1f7/2 and ν1f5/2 or-442
bitals for decreasing number of protons in the pi1f7/2 or-443
bital [9, 19].444
Figure 10 shows that in the Ti isotopes a similar peak-445
ing of 2+1 energy at N = 32 as for the Ca isotopes is446
observed, although with a reduced amplitude, while for447
Cr this effect flattens and for Fe and Ni completely disap-448
pears. This speaks for the existence of a reduced N = 32449
subshell close also in the Ti isotopes, which has recently450
been confirmed also in mass measurements [36]. While451
the systematics of Ti B(E2; 2+1 → 0+gs) values from ear-452
lier experiments showed a staggering anti-correlated with453
the subshell closures at N = 28 and N = 32, the re-454
vised systematics of B(E2; 2+1 → 0+gs) values in 50−54Ti455
presented here, could be understood as being in con-456
tradiction to the idea of N = 32 subshell closure in457
Ti. This seemingly contradictory behavior of E(2+1 ) and458
B(E2; 2+1 → 0+gs) values can be understood by addressing459
the nuclear structure of the lowest yrast states and the460
origin of E2 strengths in the framework of the nuclear461
shell model.462
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9B. Comparison with Shell-Model Calculations463
In this work, shell-model calculations were performed464
with the code NuShellX@MSU [37] using the interactions465
KB3G [38], GXPF1A [39] and GXPF1B [40]. The model466
space comprises the full pf main shell, coupled to a 4020Ca467
core. Effective charges epi = 1.31 e and eν = 0.46 e468
were used for protons and neutrons, respectively, for469
all interactions [41]. The choice of the neutron effec-470
tive charge is justified for the neighboring isotopes with471
N > 28 [42], while the microscopically justified proton472
effective charge [41], has an intermediate value between473
the standard isoscalar epi = 1.5 e value and the value of474
epi = 1.15 e, which is suggested to be more adequate for475
the pi1f7/2 orbital and especially the N = Z region [43].476
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Figure 11. (Color online) Comparison of 2+1 excitation en-
ergies (top) and B(E2; 2+1 → 0+gs) transition strengths (bot-
tom) with the results of shell-model calculations using the
KB3G, GXPF1A, GXPF1B and GXPF1B-nf7 interactions for
50−56Ti.
477
478
Figure 11 shows a comparison of experimental and479
shell-model systematics of the 2+1 energies and the480
B(E2; 2+1 → 0+gs) values for 50−56Ti. The excitation en-481
ergies are explicitly listed in Table III. All used interac-482
tions describe the experimental excitation energies well483
(see Table III).484
As seen in Fig. 11 the previously adopted values pro-485
duced a staggering in the B(E2; 2+1 → 0+gs) values which486
has been a topic of several works. Although established487
interactions were able to describe the excitations energies488
in these Ti isotopes and the structure in the neighboring489
nuclei they were generally unable to exactly reproduce490
the experimental B(E2; 2+1 → 0+gs) values in neutron-rich491
Ti isotopes even using isoscalar proton and neutron ef-492
fective charges [10, 42, 44]. The new B(E2; 2+1 → 0+gs)493
systematics for 50−54Ti (see Fig. 11) exhibit a clearly494
weaker staggering with flat amplitude in N = 30. The495
B(E2; 2+1 → 0+gs) values for most of interactions are very496
similar for 50−54Ti. A splitting in the B(E2; 2+1 → 0+gs)497
trends becomes apparent for 56Ti, where the GXPF1A498
and GXPF1B differ clearly from each other, with the499
latter one showing an increased value closer to experi-500
ment. Since the GXPF1B interaction was optimized to501
describe the local subshell closure N = 34 in 54Ca [40],502
it is not surprising that it also reproduces the isotone503
56Ti better than GXPF1A. The KB3G interaction yields504
a similar good description for 52−56Ti. Returning to505
50Ti (N = 28) there is clear over-prediction of the506
B(E2; 2+1 → 0+gs) values by all shell-model interactions.507
One possible explanation are proton particle hole exci-508
tations across the Z = 20 40Ca core present in the 0+gs509
state, which are not accounted for in this model space,510
and to lesser extent in the 2+1 state leading to an over-511
prediction of the E2 strength. Another explanation is512
given by the inspection of the wave function of 0+gs and513
2+1 states in
50Ti in the GXPF1A/(B) calculations which514
predict about 30% (38%) configurations with neutron515
particle hole excitations across the N = 28 shell, which516
increase the specific E2 strength. Therefore to reduce517
the E2 strength from neutron N = 28 cross-shell ex-518
citations an ‘ad-hoc’ modification of the GXPF1B in-519
teraction was defined, called GXPF1B-nf7, where the520
single particle energy of the ν1f7/2 orbital was lowered521
by 1MeV. The results for GXPF1B-nf7 are presented522
and compared to the experiment and the other inter-523
actions (see Fig. 11, 12 and Table III). This interac-524
tion has only a qualitative value, but maybe relevant for525
50−52Ti and generally achieves the best results for the526
50−56Ti B(E2; 2+1 → 0+gs) systematics. The transition527
strengths in the calculations are computed according to528
B(E2; I+1 → (I − 2)+1 ) = [Ap ∗ epi + An ∗ eν ]2/(2 I1 + 1)529
[45], with the proton and neutron amplitudes Ap and An530
in units of fm2. A summary of the these proton and neu-531
tron amplitudes of the 2+1 → 0gs transitions in 50−56Ti532
for four different interactions is given in Table IV. Small533
An amplitudes are characteristic of shell gaps at N = 28534
and N = 32, as already discussed in Ref. [10].535
Thus the general flat B(E2; 2+1 → 0+gs) trends of the536
shell model could be understood by the fine balance of537
proton and neutron amplitudes, for which the variation538
of the An is compensated by the anti-variation of Ap,539
leading to constant B(E2; 2+1 → 0+gs) values for these540
effective charges. Thus, regarding the systematics of the541
lowest transition strengths, a consistent picture between542
experimental and theoretical results emerges.543
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Table III. Experimental excitation energies for the 2+1 , 4
+
1 and 6
+
1 states in
50,52,54,56Ti are compared to the energies of six
different shell-model calculations. For a better comparison the χ2 deviation for each interaction is determined.
Excitation energy E [keV]
50Ti 52Ti 54Ti 56Ti
2+1 4
+
1 6
+
1 2
+
1 4
+
1 6
+
1 2
+
1 4
+
1 6
+
1 2
+
1 4
+
1 6
+
1 χ
2
Experiment 1553 2675 3199 1050 2318 3029 1495 2496 2936 1128 2288 2978 -
GXPF1A 1624 2562 3237 1106 2251 2932 1395 2465 2975 1176 2278 2868 30.2
GXPF1B 1626 2568 3234 1084 2239 2922 1434 2476 2974 1134 2296 2873 22.6
GXPF1B-nf7 1699 2572 3153 1089 2229 2899 1416 2468 2965 1215 2312 2900 42.6
KB3G 1715 2841 3383 1069 2356 3048 1285 2452 3048 886 1995 2873 166.6
544
In the following, the higher spins in the even 50−54Ti545
are discussed. Due to the similar behavior between546
GXPF1A and GXPF1B for these isotopes, only GXPF1B547
is discussed below.548
Figure 12 shows a comparison between the experi-549
mental results and the shell-model calculations for the550
B(E2; I+1 → (I − 2)+1 ) values in 50,52,54Ti (for the sake551
of clarity GXPF1A is not listed due to similar results).552
In 50Ti the experimental B(E2; 2+1 → 0+gs) value553
from Ref. [46] is slightly overestimated by the estab-554
lished interactions. This could be attributed to proton555
particle hole excitations across the Z = 20 40Ca core556
present in the 0+gs state, which are not accounted for557
in this model space, or as discussed above the B(E2)558
could be overestimated due to the degree of neutron559
particle hole excitation across N = 28 as qualitatively560
demonstrated by GXPF1B-nf7 calculation. The adopted561
B(E2; 4+1 → 2+1 ) and B(E2; 6+1 → 4+1 ) values agree well562
with the theoretical predictions of all interactions with563
only marginal difference. The shell-model calculations564
predict that the I = 2+1 , 4
+
1 , 6
+
1 states in
50Ti have565
proton character dominated by ≥ 70 % configurations of566
the type piI+ ⊗ ν0+ .567
568
Table IV. Proton and neutron amplitudes for the 2+1 → 0+gs of
four different interactions for even 50−56Ti.
2+ → 0+gs 50Ti 52Ti 54Ti 56Ti
Ap An Ap An Ap An Ap An
GXPF1A 11.59 10.06 9.96 15.17 11.54 10.62 11.02 12.21
GXPF1B 11.58 10.01 9.66 15.19 11.72 9.81 11.31 14.43
GXPF1B-nf7 11.83 7.12 9.84 14.36 11.76 9.82 11.72 12.16
KB3G 11.87 9.21 9.37 15.70 10.76 12.24 10.30 18.09
For the neighboring nucleus 52Ti the results of the569
calculations generally agree well with the new B(E2)570
values (cf. Fig. 12). Only the B(E2; 2+1 → 0+gs) and571
B(E2; 6+1 → 4+1 ) values are slightly overestimated or572
underestimated. In contrast to 50Ti the wave function573
of I = 2+1 state has dominant neutron character with574
∼ 50 % pi0+ ⊗ ν2+ and ∼ 30 % pi2+ ⊗ ν0+ configuration.575
The two neutrons above N = 28 occupy predominantly576
the 2p3/2 orbital in which they can couple to a maximum577
of 2~. Therefore the higher spin yrast states I = 4+, 6+,578
cannot be of pure neutron character. For I = 4+ mixed579
proton-neutron configurations ∼ 30 % pi2+ ⊗ ν2+ and580
∼ 40 % pi4+⊗ν0+ for KB3G and GXPF1B are prevailing.581
For I = 6+ the wave functions of the three interactions582
are similar. The configuration pi6+ ⊗ ν0+ has the largest583
contribution to the wave function (≤ 50 %), followed by584
the mixed configurations of type pi4+⊗ν2+ and pi6+⊗ν2+585
(≤ 12 %). We note the very good agreement between the586
new experimental B(E2) values from this work and the587
theory both having the opposite trend to the adopted588
data from Ref. [22]. The new results could clarify the589
long-standing contradiction between the shell model and590
adopted B(E2; 2+1 → 0+gs) in 52Ti, thus refuting the pre-591
vious experimental results.592
In 54Ti, i.e. four neutrons above N = 28, all inter-593
actions reproduce fairly accurately the B(E2; 2+1 → 0+gs)594
value from Ref. [10] and yield very similar B(E2; 4+1 →595
2+1 ) values. However, they all clearly underestimate the596
experimental value of B(E2; 4+1 → 2+1 ) = 139+25−18 e2fm4597
determined in this work. For the 6+1 → 4+1 transition598
the calculations yield B(E2) values half the size of the599
4+1 → 2+1 and 2+1 → 0+gs transitions. From the experimen-600
tal data an upper limit of B(E2; 6+1 → 4+1 ) ≤ 132 e2fm4601
was determined, so that the results of the calculations602
are in agreement. In addition, the experimental result of603
a lower limit of B(E2; 8+1 → 6+1 ) ≥ 5.7 e2fm4 agrees with604
GXPF1B. The wave functions of KB3G and GXPF1B605
show a distinct proton occupation similar to ones in 50Ti.606
For the 2+1 state the proton occupation yields ∼ 50 %607
pi2+ ⊗ ν0+ corresponding to a subshell closure of ν2p3/2.608
This confirms that the p3/2 and f5/2 orbitals are not609
close to each other. Also the other higher-lying states610
I = 4+1 , 6
+
1 show clear proton character (∼ 60 % pi4+⊗ν0+611
and ≥ 70 % pi6+ ⊗ ν0+ for KB3G and GXPF1B). In 54Ti612
the trend of the shell-model B(E2; I+1 → (I−2)+1 ) resem-613
bles the trend in 50Ti which is another signature of the614
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Figure 12. (Color online) Comparison of experimental
B(E2; I+1 → (I − 2)+1 ) values in 50,52,54Ti with results of dif-
ferent theoretical approaches. See text for details.
N = 32 subshell closure demonstrated in the shell-model615
results.616
V. SUMMARY617
Summarizing, the structure of neutron-rich nuclei618
52,54Ti was investigated via multinucleon-transfer reac-619
tions in inverse kinematics. In 54Ti the lifetime of the 2+1620
state was remeasured. The obtained value confirms the621
result from an earlier experiment with Coulomb excita-622
tion [10]. The lifetime of the 4+1 state, a lower limit for623
that of the 6+1 state and an upper limit of that of the 8
+
1624
state were determined for the first time.625
The comparison with shell-model calculations shows the626
following outcome: In 54Ti the trend of the B(E2; I+1 →627
(I − 2)+) values agree well with the results of different628
shell-model calculations, only the experimental result of629
the B(E2; 4+1 → 2+1 ) value is underestimated.630
In 52Ti lifetime values of the 2+1 , 4
+
1 and 6
+
1 states were631
remeasured with an astonishing result. The transition632
probabilities obtained from the lifetimes determined633
in this work show an opposite trend to the existing634
B(E2; I+1 → (I − 2)+1 ) values known from the literature.635
The B(E2; 2+1 → 0+gs) value is clearly below the adopted636
value. Same behavior was achieved for the 6+1 → 4+1637
transition. In contrast, the new B(E2; 4+1 → 2+1 ) is638
clearly higher than the adopted value. In contrast to639
the previously known results for 52Ti the new results on640
B(E2; I+1 → (I − 2)+1 ) values are well reproduced within641
the shell model. Compared to neighboring findings, the642
new B(E2; 2+1 → 0+gs) results do not show a staggering643
along the titanium isotopic chain 50−54Ti. The experi-644
mental and theoretical results confirm a subshell closure645
at N = 32 in 54Ti.646
647
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